The European royal dynasties of the Early Modern Age provide a useful framework for human inbreeding research. In this article, consanguineous marriage, inbreeding depression and the purging of deleterious alleles within a consanguineous population are investigated in the Habsburgs, a royal dynasty with a long history of consanguinity over generations. Genealogical information from a number of historical sources was used to compute kinship and inbreeding coefficients for the Habsburgs. The marriages contracted by the Habsburgs from 1450 to 1750 presented an extremely high mean kinship (0.0628±0.009), which was the result of the matrimonial policy conducted by the dynasty to establish political alliances through marriage. A strong inbreeding depression for both infant and child survival was detected in the progeny of 71 Habsburg marriages in the period 1450-1800. The inbreeding load for child survival experienced a pronounced decrease from 3.98±0.87 in the period 1450-1600 to 0.93±0.62 in the period 1600-1800, but temporal changes in the inbreeding depression for infant survival were not detected. Such a reduction of inbreeding depression for child survival in a relatively small number of generations could be caused by elimination of deleterious alleles of a large effect according with predictions from purging models. The differential purging of the infant and child inbreeding loads suggest that the genetic basis of inbreeding depression was probably very different for infant and child survival in the Habsburg lineage. Our findings provide empirical support that human inbreeding depression for some fitness components might be purged by selection within consanguineous populations.
INTRODUCTION
In humans, the most extreme cases of close inbreeding are frequently found in royal dynasties. Indeed, brother-sister and parent-child marriages were not unusual in ancient royal dynasties such as the Egyptian pharaohs or the Persian dynasty (Middleton, 1962; Bixler, 1982a,b; Ager, 2005) . Unfortunately, the study of inbreeding from ancient royal dynasties suffers from a number of limitations. First of all, it is difficult to construct full pedigrees from those dynasties because the genealogical information from the ancient record presents many gaps and uncertainties. In the royal families of Egypt, for example, the pharaoh had many wives and very many children in such a way that it was not easy to establish unequivocally in some cases who was the mother of his successor (Middleton, 1962; Bixler, 1982a,b) . Even in the most recent Egyptian royal family as the Ptolemaic dynasty, some full-sibling marriages are controversial because they are not well documented. Secondly, the adverse effects of consanguineous marriage on fitness traits such as survival and fertility cannot be easily investigated in those dynasties because information on such characters is hardly available from the ancient record. A way to circumvent some of the limitations in the study of inbreeding from ancient dynasties is exemplified in an analysis of microsatellite loci of a number of royal mummies of the 18th Egyptian dynasty (Hawass et al., 2010) . The analysis of genetic relationships among individuals from those molecular markers allowed the identification of close relatives in such a way that a five-generation pedigree that included Akhenaton and Tutankhamun pharaohs was inferred. Further research on the ancient royal dynasties based on molecular genetic markers is needed before those royal dynasties can be useful for inbreeding studies.
The European royal dynasties of the Early Modern Age, unlike the ancient dynasties, provide a useful framework for human inbreeding research. Firstly, it is known that close kin marriages such as uncleniece, first cousins and other consanguineous unions occurred frequently in such dynasties along prolonged periods of time. Secondly, the genealogical records for the European dynasties available in historical sources are very extensive and accessible in such a way that such dynasties may be considered as pedigreed populations, where inbreeding coefficients can be computed with extreme precision from extended pedigrees (Alvarez et al., 2009 (Alvarez et al., , 2011 . Thirdly, the mortality and fertility data for European royal families are also complete in the historical sources so that such dynasties may be very useful for the study of inbreeding depression, that is, the reduced survival and fertility of offspring of related individuals caused by increased homozygosity for deleterious alleles Charlesworth and Willis, 2009 ). In humans, most of the empirical evidence on inbreeding depression comes from the progeny of first cousins because this is the most common form of consanguineous union in current human populations (Khoury et al., 1987; Bittles and Neel, 1994; Bittles and Black, 2010; Hamamy et al., 2011) . The magnitude of inbreeding depression for inbreeding levels higher than that corresponding to first cousins (inbreeding coefficient, F40.0625) is less known so that, at present, the relationship between fitness and human inbreeding is still poorly understood (Robert et al., 2009; Postma et al., 2010; Bittles, 2012) . In this regard, the European royal dynasties could supply substantial empirical evidence on human inbreeding depression from the inbreeding levels resulting of persistent consanguinity over generations.
Furthermore, as the European royal dynasties are pedigreed and are known to have experienced inbreeding for a long time, they are highly suited to investigate the effectiveness of natural selection in reducing inbreeding depression in consanguineous human populations. Empirical evidence in several animal and plant species, as well as theoretical studies shows that inbreeding depression can be reduced or purged within a consanguineous population because the selection efficiency against deleterious recessive alleles is increased by inbreeding (Hedrick, 1994; Ballou, 1997; Wang et al., 1999; Crnokrak and Barrett, 2002; Glémin, 2003; Boakes and Wang, 2005; Boakes et al., 2007; García-Dorado, 2012) . Theoretical models predict that the degree of purging depends on the genetic basis of inbreeding depression. Thus, alleles of a large effect, those that are lethals or semilethals when in homozygous condition, will be easily purged from the population in a relatively small number of generations, while the genetic load resulting from mildly deleterious alleles will persist (Hedrick, 1994; Wang et al., 1999; Boakes and Wang, 2005) . In humans, some studies have reported that populations with higher rates of inbreeding tend to display lower inbreeding effect on prereproductive mortality and such an effect was attributed to the successive elimination of deleterious alleles in the more inbred populations (Sanghvi, 1966; Khoury et al., 1987; Khlat and Khoury, 1991) . However, this empirical evidence on purging of inbreeding depression in human populations has been questioned and it is considered as not conclusive (Chakraborty and Chakravarti, 1977; Radha Rama Devi et al., 1987; Bittles et al., 1991) . Therefore, at present, little is known about the purging of inbreeding depression within consanguineous human populations even though this issue is of practical concern because the high prevalence of consanguineous marriages in many contemporary human populations (Bittles, 2010 (Bittles, , 2012 Hamamy et al., 2011) . In this context, the European royal dynasties as pedigreed populations could be very useful to detect temporal changes in inbreeding depression due to elimination of deleterious alleles. Furthermore, the rate of purging in such dynasties could shed light on the genetic basis of human inbreeding depression as the relative contribution of alleles with major and minor fitness effects to inbreeding depression could be revealed from the differential purging of such alleles (Charlesworth and Willis, 2009) .
The Habsburg dynasty (also known as the House of Austria) was one of the most important sovereign dynasties of Europe and had two main branches: the Austrian and the Spanish Habsburgs (Wandruszka, 1964; Ingrao, 2000; Sked, 2001; Encyclopedia Britannica, 2007; Bennassar et al., 2010) . As a consequence of the matrimonial policy conducted by the dynasty to establish political alliances through marriage, an important number of consanguineous marriages such as uncle-niece and first-cousins were contracted by the Habsburgs. Some of those unions were marriages between members of the own dynasty in order to keep their heritage in their own hands and other consanguineous unions were marriages with members of related dynasties. The consequences of the prolonged consanguineous marriage have been investigated for the Spanish branch of the Habsburg dynasty (Alvarez et al., 2009 (Alvarez et al., , 2011 . It was demonstrated that the inbreeding effects such as inbreeding depression for survival played a major role in the extinction of the Spanish Habsburg lineage at the end of the 17th century. In the present article, we extend the analysis of consanguineous marriage and inbreeding depression from the Spanish Habsburgs to the Habsburg dynasty as a whole. The analysis includes an important number of Habsburg families and covers a period of time of more than 300 years, from B1450 to 1800, so that potential changes in inbreeding depression due to purging of deleterious alleles could be detected. From this perspective, the Habsburg dynasty is considered as an inbreeding laboratory to investigate the effects of human consanguinity.
MATERIALS AND METHODS
Genealogical information for the Habsburg dynasty was introduced into a database that included more than 4 000 individuals along more than 20 parentoffspring generations. The genealogical information was obtained from several sources (The Geneall Project http://www.geneall.net; Wikipedia http://en. wikipedia.org/wiki; Encyclopedia Britannica, 2007). Kinship and inbreeding coefficients were computed from the database by means of the FSPEED computer program (Tenset Technologies, http://www.tenset.co.uk/fspeed/). The coefficient of kinship (y, also called the coefficient of coancestry) between two individuals is the probability that two alleles at the same locus drawn at random, one from each individual, are identical by descent and the inbreeding coefficient (F) of an individual is the kinship coefficient of his or her parents (Cavalli-Sforza and Bodmer, 1971; Falconer and Mackay, 1996; Lynch and Walsh, 1998) .
In order to evaluate the impact of inbreeding on survival, progeny mortality data of a number of Habsburg marriages were obtained from several sources (The Geneall Project http://www.geneall.net; Wikipedia http://en.wikipedia. org/wiki; Encyclopedia Britannica, 2007) . The Habsburg families considered, correspond to the 11 Holy Roman Emperors, from Maximilian I (1459 Maximilian I ( -1519 to Charles VI (1685 -1740 , and the Spanish Habsburg kings, their children and their grandchildren. Mortality data were classified into two categories: infant deaths (deaths in the first year of life, excluding miscarriages and stillbirths) and child deaths (deaths between years 1-10). Only deaths attributable to natural causes were considered for the analysis. Miscarriages and stillbirths were not included in the analysis because the information on such early deaths is sometimes contradictory in the historical sources. In addition, a statistically significant inbreeding effect on either miscarriages or stillbirths was not detected for the Spanish Habsburgs (Alvarez et al., 2009) . On the other hand, only those families with three or more children were considered for the analysis of inbreeding depression because the estimates of survival from families with either one or two children will present large sampling errors due to small sample size. As a whole, there were 502 pregnancies in the 71 Habsburg families examined: 93 infant deaths, 76 child deaths and 333 survivals at age 10. The mean number of pregnancies per family was 7.07±0.46 and the average progeny mortality across families was 0.209±0.024 for infants, 0.188±0.026 for children and 0.359±0.029 for total mortality from birth to 10 years.
Different regression analyses were used to characterize the inbreeding depression for survival. Regression analyses of log-transformed survival as a function of inbreeding coefficient were performed because survival is expected to decrease linearly with inbreeding on a logarithmic scale according to the multilocus viability genetic model based on the assumption of multiplicative fitness interactions among loci (Morton et al., 1956; Cavalli-Sforza and Bodmer, 1971; Charlesworth and Charlesworth, 1999; Charlesworth and Willis, 2009) . On this basis, the effect of inbreeding on survival is measured in terms of the inbreeding load (B) defined as the slope of the regression of the natural logarithm of survival on inbreeding coefficient, which is an estimate of the number of lethal equivalents in the population. The estimation of B allowed us to compare the results for the Habsburgs with the theoretical predictions from purging models, which usually express the decrease in inbreeding depression as a reduction in the number of lethal equivalents (Hedrick, 1994; Wang et al., 1999; Boakes and Wang, 2005) . The significance of the difference between two B estimates corresponding to different periods was tested by the F s -test for differences between two regression coefficients (Sokal and Rohlf, 1995) . Analysis of departures from a linear relationship between log-transformed survival and F was performed by means of the nonlinearity t-test (Lynch and Walsh, 1998) . This test compares the change in mean survival between two low levels of F and that between two high levels of F. Linearity Inbreeding in the Habsburg dynasty FC Ceballos and G Á lvarez deviations were also investigated by performing quadratic regressions of logtransformed survival on F. On the other hand, we have also performed linear regression analyses to compare our results with the estimates of human inbreeding depression from literature because the rate at which survival declines with increasing inbreeding is expressed in most studies on human inbreeding as absolute decrease in survival for inbred individuals, with a given value of F, relative to non-inbred individuals (see for example, Bittles and Neel, 1994; Jorde, 2001; Bittles and Black, 2010; Hamamy et al., 2011; Bittles, 2012) .
Two logistic regression models were used to detect changes in inbreeding depression along time due to purging selection, the ancestral inbreeding regression model devised by Ballou (1997) and an alternative model developed by Boakes and Wang (2005) : Boakes and Wang, 2005) In these models, u is the logit transformation of a measure of fitness such as survival, u 0 is the mean fitness of non-inbred individuals, F is the inbreeding coefficient of progeny, F m is the maternal inbreeding, F a is the ancestral inbreeding coefficient, YOB is the year of birth and the b parameters are the corresponding regression coefficients. The ancestral inbreeding coefficient (F a ) is the cumulative proportion of an individual's genome that has been previously exposed to inbreeding in its ancestors as defined by Ballou (1997) , and was computed as 
RESULTS
Kinship and inbreeding coefficients for the Habsburgs were calculated from a database that included more than 4000 individuals belonging to more than 20 parent-offspring generations. A partial pedigree of the Habsburg dynasty is represented by chains of descent in Figure 1 . A total number of 73 marriages were contracted by the Holy Roman Emperors and the Spanish Habsburg kings, their children and their grandchildren, in the period of 300 years from 1450 to 1750. Table 1 (for log-transformed data, the total number of families was 69 because the progeny survival was zero in two families). A statistically significant negative regression of survival on F was detected for both infant and child survival as well as for total survival from birth to 10 years. The regression was statistically significant for both log-transformed and non-transformed data. On the contrary, an effect of F m on progeny survival was not detected. YOB had a statistically significant effect on child survival for non-transformed data. A statistically significant effect of YOB on infant and total survival was not detected. The strong decline experienced by log-transformed survival with increasing F for both infant and child survival, as well as for total survival is graphically depicted in Figure 3 (first column). The inbreeding load (B) measured as the regression slope of log-transformed survival on F was 2.050 ± 0.440 for infant and 1.886 ± 0.516 for child survival, whereas the estimate of B for total survival was 3.937±0.568 (Table 2) . Thus, the inbreeding effects on infant and child survival supposed the 52.1% and 47.9%, respectively, of the total inbreeding load from birth to 10 years. The impact of inbreeding as absolute decrease in survival for first cousin offspring (F ¼ 0.0625) inferred from simple regression analyses for non-transformed survival was 8.63% ± 7.90 for infant survival, 8.50%±8.39 for child survival and 13.54%±5.40 for survival to 10 years. The estimate of the cost of inbreeding for total survival to 10 years in the Habsburg dynasty was not very different from a previous estimate of 17.8%±12.3 obtained from eight families of the Spanish branch of the dynasty (Alvarez et al., 2009 ). It appears from our result that the extent of inbreeding depression in the Habsburgs was very similar for infant and child survival, irrespective of the measurement scale. It is also interesting to note that the inbreeding effects on infant and child mortality seem to be basically independent as the correlation between infant and child survival among families was quite low for log-transformed survival (r ¼ À0.075, P ¼ 0.539), as well as for non-transformed survival (r ¼ À0.018, P ¼ 0.885). This result suggest that effects of common environment (environmental covariance) for infant and child survival resulting of the fact that both fitness components are estimated from the same families should be of little importance in the Habsburg families.
The extensive data set for progeny mortality in the Habsburg dynasty allows us some opportunity to deal with the relationship between survival and inbreeding coefficient. According to the population genetic theory, survival is expected to decrease linearly with inbreeding coefficient on a logarithmic scale under the assumption of multiplicative fitness interactions among loci (Morton et al., 1956; Cavalli-Sforza and Bodmer, 1971; Charlesworth and Charlesworth, 1999; Wang et al., 1999; Charlesworth and Willis, 2009 ). Statistically significant departures from a linear relationship between log-transformed survival and inbreeding coefficient were not detected by the nonlinearity t-tests in the Habsburgs (Supplementary  Table S1 ). Such departures were not found for both infant and child survival as well as for total survival. However, these results must be taken with caution because the statistical power of the nonlinearity test was probably not very high. First of all, it is necessary to take into account that the number of data for inbreeding coefficients higher than 0.125 was not very large in our sample and the deviations of linearity caused by epistatic interactions among loci are expected to be important precisely for high inbreeding levels (Crow and Kimura, 1970) . Secondly, the non-linearity in log-transformed fitness caused by purging selection is not expected to be strong when only a small proportion of the genetic load is effectively purged (Wang et al., 1999) . Therefore, although our results suggest a linear relationship between log-transformed survival and F, at least as a first approximation, quadratic regressions of log-transformed survival on F were also performed from the Habsburg mortality data (Supplementary Table  S1 ). The quadratic coefficients were not statistically significant for both infant and child regressions, as well as for total survival. However, the quadratic coefficients for both infant and child regressions were close to statistical significance. In these cases, the quadratic functions of F gave a better fit to data than linear regressions, as the adjusted R 2 were higher and the AIC (Akaike information criterion) were lower than those values corresponding to the linear regressions, but the differences in R 2 and AIC between quadratic and linear regressions were small. Therefore, although a concave function for infant survival and a convex function for child survival produced better-fitting regression lines, there is no strong evidence of lack of linearity in the regressions of log-transformed survival on F. In any case, the occurrence of either epistatic interactions among loci or purging selection as agents promoting departures from linearity in the inbreeding depression detected in the Habsburg families cannot be completely ruled out. Temporal changes in the inbreeding depression for progeny survival of the Habsburg marriages were investigated by multiple regression models specifically devised to detect purging effects (Supplementary Table S2 ). The multiple logistic regression model developed by Boakes and Wang (2005) detected a strong and highly significant effect of inbreeding depression (negative value for the b F coefficient) in the progeny of Habsburg marriages for both infant and child survival, as well as for total survival to 10 years. A slight and non significant purging effect (positive value for b Fa ) was found for each one of the three fitness components. On the other hand, the ancestral inbreeding regression model (Ballou, 1997) did not detect a statistically significant inbreeding depression for any fitness component and, according to this model, the coefficient b Fa presented non-significant negative values, which indicated a trend of ancestral inbreeding to increase inbreeding depression for all fitness components. The lack of consistency in the results obtained from the two regression models was not unexpected as these models have rather different properties to detect purging (Boakes and Wang, 2005) . Thus, although both models are conservative, the Ballou's model is more appropriate in the detection of purging when inbreeding depression is caused by mutations of a large effect, whereas the alternative model has a higher statistical power in the detection of purging of mildly deleterious alleles. 
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In order to circumvent these inconsistencies associated with the two regression models, a simple alternative approach for detecting purging was performed. The complete data set corresponding to the progeny of the Habsburg marriages was split into two groups. The first group included those families belonging to the period of 1450-1600 (28 families) and the second group to those families of the period 1600-1800 (41 families). If a purging effect reducing inbreeding depression occurred in the Habsburg lineage, then the inbreeding load (B) estimated from the second group of data would be lower than the inbreeding load estimated from the first group as a consequence of removing recessive deleterious alleles. The analysis of inbreeding depression for log-transformed survival carried out separately for the two different periods showed some remarkable temporal changes in the inbreeding load (Table 2, Figure 3 , second and third columns). Thus, the inbreeding load for child survival experienced a strong reduction from 3.975 ± 0.868 in the first period to 0.929±0.618 in the second period, and this reduction in inbreeding load between periods was statistically significant (F stest ¼ 7.945, P ¼ 0.005). This finding reveals that the linearity of log-transformed survival as a function of the inbreeding coefficient observed for child survival in the whole data set was more apparent than real as the whole data set is really composed by two groups with different regression slope. For infant survival, the inbreeding load exhibited an increase from 0.396±0.858 in the first period to 2.745 ± 0.481 in the second period, and this increase between periods was very close to the statistical significance (F s -test ¼ 3.737, P ¼ 0.06). The total inbreeding load for survival from birth to 10 years was 4.373 ± 1.032 for the first period and 3.674 ± 0.672 for the second period, and the difference between periods was not statistically significant.
DISCUSSION
The study of inbreeding in the European royal dynasties of the Early Modern Age has received very little attention in spite of the advantages of using such dynasties as human inbreeding models. In this respect, the Habsburgs were one of the most interesting dynasties because their matrimonial policy led to an extreme case of persistent consanguinity over generations. Our research on consanguineous marriage in the Habsburg dynasty covered a period of 300 years from 1450 to1750 and was performed from the extensive genealogical information available in historical sources. The mean kinship coefficient of 73 marriages contracted by the Habsburgs along those three centuries was 0.0628, higher than the kinship coefficient of a first cousin marriage (Figure 2 ). Approximately 40% of the Habsburg marriages had a kinship coefficient higher than that corresponding to a first-cousin union (y ¼ 0.0625) and almost 20% of the marriages had a kinship higher than that corresponding to an uncle-niece union (y ¼ 0.125). Consequently, the inbreeding coefficient of both the Austrian Emperors and Spanish kings of the dynasty were very high particularly from the middle of the 16th century. In general, Emperors had inbreeding coefficients lower than Spanish kings. Average of inbreeding coefficients was 0.0752 for the Holy Roman Emperors and 0.1287 for the Spanish kings. The Emperor with the highest inbreeding coefficient was Leopold I (F ¼ 0.1568) and the second highest was Ferdinand II (F ¼ 0.1390), while the Spanish king with the highest inbreeding was Charles II (F ¼ 0.2538) and the second highest was Philip III (F ¼ 0.2177). The highest inbreeding coefficient in the Habsburg dynasty occurred in the Austrian branch where Marie Antoine of Habsburg, daughter of Emperor Leopold I and his niece Margaret of Spain (sister of Charles II of Spain), had an inbreeding coefficient of 0.3053, which is higher than the inbreeding coefficient of the progeny of an incestuous union (parent-offspring or brothersister).
A strong inbreeding depression for both infant and child survival was detected in the progeny of 71 marriages contracted by the Habsburgs in a period of more than 300 years from 1450 to 1800 (Table 1, Figure 3 , first column). In the Habsburgs, the inbreeding depression measured as absolute decrease in survival for an F value of 0.0625, corresponding to first cousin offspring, was 8.63% ± 7.90 for infant survival, 8.50% ± 8.39 for child survival and 13.54% ± 5.40 for total survival from birth to 10 years. As compared with the average value of inbreeding depression observed in contemporary human populations, these figures reveal the strong impact of inbreeding on progeny survival in the Habsburgs. Thus, the most recent estimates of the degree of inbreeding depression for prereproductive survival in humans have been obtained from first cousin offspring in two metaanalyses performed from a large number of current human populations (Bittles and Neel, 1994; Bittles and Black, 2010) . The absolute decrease in survival to a median age of 10 years in the progeny of first cousin marriages relative to unrelated parents was 4.4% ± 4.6 from a compilation of 38 populations (Bittles and Neel, 1994) . Later, this average estimate was revised to a value of 3.5% from 69 human populations resident in 15 countries located across four continents (Bittles and Black, 2010) . It is necessary to take into account, however, that the magnitude of inbreeding depression detected in the Habsburg families lies within the range of variation observed in current human populations as the difference in mortality between the offspring of first cousins and those of unrelated parents ranged from nearly zero to B19% in the meta-analyses mentioned above (Bittles and Neel, 1994) . In addition, the extent of inbreeding depression in the Habsburgs was not very different from that estimated in other particular inbreeding studies such as those performed in the Utah Mormon population or the Darwin/Wedgwood dynasty. The study of the Utah Mormon population since 1847 until 1945 showed a 9% of absolute increase in prereproductive mortality before age 16 among the offspring of first-cousin marriages (Jorde, 2001) , while the analysis of consanguineous marriage of 25 Darwin/Wedgwood families, which included the Charles Darwin's one revealed an absolute increase in mortality until 10 years for first cousin offspring in the range of 5.4-9.5% (Berra et al., 2010) . The detection of such inbreeding effects in the Habsburg dynasty was probably favoured by the fact that our research is based on royal families. In such families, a significant reduction of environmental variation for progeny survival is expected as socioeconomic variation, as well as differences in health conditions had to be of little importance in such families compared with the general population. In fact, demographic studies have shown that both infant and child mortality remained rather stable among Europe's ruling families in the period 1500-1800 even though births and deaths rates in the European population experienced remarkable changes in that period (Bourgeois-Pichat, 1965; Peller, 1965; Kümmel, 1990; Lancaster, 1990; Bennassar et al., 2010) . The results found for the Habsburgs are consistent with these observations. Thus, a significant regression effect of YOB on either infant or total survival was not detected for the Habsburg families. Regarding child survival, a statistically significant negative slope was observed only for non-transformed data ( Table 1) .
The prevalence of consanguineous marriages in the Habsburg dynasty during a period of more than 300 years (B10 generations) offers the opportunity to investigate whether a part of the inbreeding depression for survival was purged by natural selection as the result of elimination of deleterious alleles. In fact, temporal changes in the inbreeding depression for child survival were detected in the Habsburg dynasty. Thus, the inbreeding load (B) for child survival experienced a strong and statistically significant decline from 3.975 ± 0.868 in the period 1450-1600 to 0.929 ± 0.618 in the period 1600-1800 (Table 2, Figure 3 , second and third columns). This temporal change in inbreeding depression supposed a reduction of almost 80% of the inbreeding load for child survival in a period of B10 generations of close kin marriage. Evidently, environmental factors could be involved in such a reduction of inbreeding depression but it is necessary to consider that temporal changes expressed in terms of a statistically significant regression effect of YOB on logtransformed child survival were not observed in the Habsburg data set, as mentioned above. Although the contribution of environmental effects to the reduction of inbreeding depression cannot be completely discarded, the reduction in inbreeding load for child survival detected in the Habsburg dynasty is in accordance with theoretical evidence from models of purging. Thus, simulation studies of deleterious mutations in finite populations for multilocus viability models have shown that an important part of the inbreeding depression can be purged in the initial period of inbreeding, involving a relatively small number of generations, due to elimination of lethals and deleterious alleles of a large effect (Hedrick, 1994; Wang et al., 1999; Boakes and Wang, 2005) . In fact, computer simulations from continuous full-sib mating models showed a sharp reduction of B70-80% of the number of lethal equivalents in a few generations when the genetic load is mainly caused by deleterious of a large effect (Figures 1-3 and 5 in Hedrick, 1994; Figure 5 in Wang et al., 1999) . Therefore, our findings for the Habsburg dynasty suggest that the inbreeding depression for some fitness components such as child survival could be effectively purged in consanguineous human populations. Indirectly, the results here presented for the Habsburgs also indicate that an important part of the inbreeding depression for child survival could be the result of alleles with a major effect on fitness, which were effectively purged along the period of B10 generations of close kin marriage.
On the other hand, the inbreeding depression for infant survival did not display statistically significant temporal variation in the Habsburg dynasty (Table 2, Figure 3 , second and third columns). The inbreeding load for infant survival varied from 0.396±0.858 in the period 1450-1600 to 2.745 ± 0.481 in the last period. This difference in the inbreeding load between periods was not statistically significant, even though the increase was very close to statistical significance. Therefore, it appears that inbreeding depression for infant survival was not purged in the dynasty and it could be explained if inbreeding depression for this fitness component were mainly due to mildly deleterious alleles. Simulation studies have shown that detrimental alleles of relatively small effect may become fixed by random genetic drift in a small population and, in this case, the genetic load is not purged (Hedrick, 1994; Wang et al., 1999; Boakes and Wang, 2005) . On this basis, the differential purging of the infant and child genetic loads in the Habsburg lineage could be explained in terms of different relative contributions of alleles with minor and major effects to the inbreeding depression for the two survival components. However, it is also necessary to take into account the degree of dominance of the deleterious alleles involved in inbreeding depression. Thus, empirical evidence from Drosophila shows that large effect mutations as lethals are nearly fully recessive, whereas deleterious mutations of relatively small effect are partially recessive (Simmons and Crow, 1977; Charlesworth and Charlesworth, 1987) . The dominance level is particularly critical for the purging process when inbreeding is due to small population size as in this case only highly recessive mutations can be efficiently purged (Kirkpatrick and Jarne, 2000; Glémin, 2003) . In this way, both the magnitude of deleterious effect and its dominance level could be involved in the differential purging of inbreeding depression for infant and child survival detected in the Habsburgs. In any case, the results taken as a whole suggest that the genetic basis of inbreeding depression was probably very different for infant and child survival in the Habsburg lineage.
As a consequence of the opposite temporal change in the inbreeding load for infants and children, the total inbreeding load from birth to 10 years was very similar in quantitative terms in the two periods (4.373±1.032 and 3.674±0.672 in the first and second periods, respectively), but presented remarkable differences in its composition (Table 2) . Thus, most (90.9%) of the inbreeding load from birth to 10 years in the period 1450-1600 was due to inbreeding effects on child mortality, whereas in the period 1600-1800 most (74.7%) of the total inbreeding load was caused by inbreeding effects on infant survival. The different responses to inbreeding showed by the different survival components reveal that purging of genetic load might be a very complex process in consanguineous human populations as purging effects on particular fitness components can be counterbalanced by changes in other fitness components. Further research on other European royal dynasties is needed to confirm whether our findings are valid exclusively for the Habsburg dynasty or they reflect basic genetic aspects of human inbreeding depression.
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